Endophthalmitis is inflammation in the eye which often results from the introduction of pathogens into the posterior segment following penetrating eye trauma (posttraumatic), intraocular surgery (postoperative), or metastatic spread to the eye from a distant infection site (endogenous). Bacillus cereus causes a uniquely rapid and devastating form of endophthalmitis that can result in loss of vision or of the eye itself in 24 to 48 h (2, 13, 16, 21, 23, 42, 54, 56) . B. cereus enters the vitreous, where it multiplies and produces toxins, eliciting an explosive inflammatory response (13, 14) . This is followed by an influx of polymorphonuclear leukocytes (PMN) into the posterior segment near the retina and optic nerve head as early as 4 h postinfection and by 12 h, greater than 70% of the infiltrated cells in the eye are PMN (49) . The breakdown of retinal architecture and loss of vision that follow may be the results of bystander damage to surrounding ocular tissues due to inflammation.
The presence of PMN in the vitreous is atypical because the intraocular environment is designed with anatomical barriers to sequester the tissues from the systemic circulation (58) . The outer blood-retina barrier (BRB) is composed of a monolayer of retinal pigment epithelial (RPE) cells that form the outermost layer of the retina. RPE cells, with intercellular tight junctions, form a barrier between the neural retina and the immunologically dynamic choroid.
Ocular inflammation is related to loss of BRB function (22, 68) . The breakdown of blood ocular barriers can lead to upregulation of adhesion molecules, leukocyte infiltration (19, 27, 30, 38, 40, 67) , and release of inflammatory mediators, which intensify and maintain inflammation (32, 37, 60) . BRB permeability occurs during inflammation in an experimental autoimmune uveoretinitis model where leukocytes play an active role in permeability and tight junction disruption (68) . However, in B. cereus endophthalmitis, the contribution of inflammation and bacterial toxins to BRB function has not been reported.
RPE cells of the BRB may also play a role in inciting the inflammation seen during infection. In vitro studies suggest that RPE cells produce cytokines that contribute to inflammation. Isolated rat RPE cells and human RPE cells have demonstrated antigen-presenting activity (46) and Toll-like receptor (TLR1 to -7, -9, and -10) expression (34) , respectively. Inflammatory conditions also stimulated cytokine expression by human RPE cells, including lipopolysaccharide-induced COX-2 (18), interleukin-1␣ (IL-1␣)-induced IL-1␤ (48) , and human cytomegalovirus-induced IL-8 (41) . However, the potential role of RPE cells in inflammation during endophthalmitis has not been examined.
During B. cereus endophthalmitis, vision loss often occurs despite therapeutic intervention (13, 14) . Although antibiotics can sterilize the eye, these drugs are ineffective at preventing intraocular damage from bacterial toxins or the host immune response. Toxin production during the rapid intraocular growth of B. cereus contributes to the organism's virulence (21, 23, 42, 56) . The production of most B. cereus extracellular toxins is regulated globally by the pleiotropic quorum-sensing regulator plcR (2, 44) . Most of the members of the B. cereus group (B. anthracis, B. cereus, and B. thuringiensis) possess plcR, though the gene is nonfunctional in B. anthracis (2) . Individual membrane-damaging toxins under plcR regulation, such as phosphatidylcholine-specific phospholipase C (PLC), hemolysin BL, and phosphatidylinositol-specific PLC, contributed minimally to the pathogenesis of experimental B. cereus or B. thuringiensis endophthalmitis (9, 11) . As a group, however, these and other toxins have been shown to be important to the intraocular virulence of Bacillus (9, 11) . Rabbit eyes infected with plcR-deficient mutants of Bacillus demonstrated significantly greater retinal responses and less inflammation than those infected with wild-type Bacillus (15) . The plcR mutation resulted in a loss of sphingomyelinase, phosphatidylinositol-specific PLC, and phosphatidylcholine-specific PLC activities, as well as a significant decrease in hemolytic and proteolytic activities (52) . However, these eyes had significant inflammation and eventually lost retinal function. Therefore, factors not under the control of plcR may have contributed to the intraocular virulence observed.
Because significant inflammation occurred during B. cereus endophthalmitis, we hypothesized that Bacillus infection caused BRB permeability. The extent of inflammation appeared to be related to plcR regulation of toxin production. Furthermore, we hypothesized that Bacillus growth and toxin production caused RPE cytotoxicity, resulting in tight junction disruption and subsequent barrier permeability. We therefore analyzed whether B. cereus infection affects BRB permeability in vitro and whether plcR-regulated toxins mediate BRB permeability. Polarized RPE cell monolayers were used to analyze whether B. cereus and plcR-regulated toxins cause barrier permeability specifically by altering RPE tight junctions. To our knowledge, the effects of infection and inflammation on changes in BRB integrity during endophthalmitis have not been reported. A greater knowledge of the contribution of plcR-regulated toxins to barrier dysfunction during a B. cereus infection could lead to the identification of potential therapeutic targets that protect the barrier and prevent inflammation and subsequent vision loss in endophthalmitis patients.
MATERIALS AND METHODS
Cell culture and polarization. Human ARPE-19 cells (American Type Culture Collection, Manassas, VA) were propagated in Dulbecco modified Eagle medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS) and 1% glutamine (GLN; Gibco, Grand Island, NY). ARPE-19 cells were grown to confluence, diluted in culture medium, and seeded in sterile 24-well plates 48 h before experimentation. Polarized RPE cell monolayers were prepared as follows. Transwells (0.4 m; Millipore, Billerica, MA) or glass coverslips (Fisher, Waltham, MA) were coated with coating solution (10 ml of DMEM/F12 supplemented with 5% FBS, 1% GLN, 102 g/ml bovine serum albumin [Fisher], 30 g/ml bovine type I collagen, and 10 g/ml human fibronectin [BD Bioscience, San Jose, CA]). After coating, Transwells and coverslips were washed twice with phosphate-buffered saline (PBS) and RPE cells were seeded at 2 ϫ 10 5 /ml in DMEM/F12 supplemented with 5% FBS and 1% GLN. Medium was removed from the apical chamber at 48 to 72 h postseeding to create an air-liquid interface and to stimulate polarization (day 0) (33) . Polarized monolayers were incubated for 15 days before infection. Monolayer formation was confirmed by immunocytochemistry, transepithelial resistance (TER) assay, and dextran-fluorophore conjugate transmigration assay. Polarization of monolayers was confirmed by immunoblotting and immunocytochemistry as described below.
Bacterial strains and RPE cell infection. Wild-type B. cereus (ATCC strain 14579; BCWT) and the isogenic quorum-sensing plcR-deficient B. cereus mutant (BCplcR::Kan r ) were used in this study (7, 8, 14, 15, 28, 31, 53) . Briefly, plcRdeficient mutants of B. cereus were constructed by insertional inactivation of plcR with the kanamycin resistance cassette aphA3. A Bacillus subtilis laboratory strain was prepared under the same conditions described for B. cereus. Cultures of wild-type or mutant B. cereus were propagated in brain heart infusion (BHI) medium and diluted into RPE cell culture medium to a final concentration of 10 5 CFU/ml. Suspensions were further diluted to the appropriate inocula of 10 4 , 10 3 , or 10 2 CFU/ml. Each well was inoculated with 1 ml bacterial solution, and samples were harvested for analysis at 2-h intervals for 8 h. These strains have been shown to infect rabbit and mouse eyes, resulting in explosive inflammation similar to that seen in human cases (12, 49) .
Bacterial quantitation. Infected medium was harvested and serially diluted in sterile PBS. Serial 10-fold dilutions were plated on BHI agar in triplicate. Numbers of viable CFU per milliliter are reported as the mean log 10 number of CFU Ϯ the standard error of the mean (SEM) for Ն10 analyses per time point. (ii) LDH. The loss of membrane integrity of infected RPE cells was detected with the CytoTox-ONE homogeneous membrane integrity assay (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, monolayers were infected with B. cereus and cell supernatants were harvested for analysis of lactate dehydrogenase (LDH) release. LDH was quantified by fluorimetry at an excitation wavelength of 560 nm and an emission wavelength of 590 nm. Controls included freeze-thaw-lysed cells (100% lysis) and untreated cells (0% lysis).
Analysis of
(iii) Flow cytometric analysis. Flow cytometry was used to distinguish between necrotic and apoptotic RPE cell death. ARPE-19 cells were seeded into six-well plates at 5 ϫ 10 4 /ml and inoculated with 10 2 CFU/ml Bacillus. At various times postinfection, cells were trypsinized, washed in PBS, and resuspended in 200 l of diluted binding buffer (Beckman Coulter, Fullerton, CA). A 0.1 M concentration of H 2 O 2 was added to the medium at a final concentration of 300 M (apoptotic control) or 1 mM (necrotic control) (5) . Annexin V and propidium iodide (PI; Beckman Coulter) were added to the 200-l suspension to final concentrations of 0.25 and 25 g/ml, respectively. After incubation in the dark, 800 l of binding buffer was added to each sample. Apoptotic or necrotic cell death was then evaluated in reference to untreated samples on a Coulter EPICS XL flow cytometer (Beckman Coulter, Miami, FL).
(iv) Immunoblotting, densitometry, and immunocytochemistry. For immunoblot analysis, lysates of adherent and nonadherent RPE cells were prepared by incubation in Cell Lysis Buffer (Cell Signaling, Danvers, MA) prepared with 20 g/ml leupeptin (Sigma). Lysate samples prepared at 50 g were analyzed by gel electrophoresis. Proteins were visualized by Coomassie blue staining or transferred to nitrocellulose for immunoblotting. Membranes were blocked with 5% nonfat milk in 0.1% Tween 20 in Tris-buffered saline for 1 h at 25°C or overnight at 4°C. Membranes were treated with primary antibody overnight at 4°C and secondary antibody for 1 h at 25°C. All antibodies were prepared in 0.1% Tween 20 in Tris-buffered saline with 0.02% NaN 3 . Membranes were developed with the ECL Plus Detection System (GE Healthcare, Piscataway, NJ) and imaged on a Storm 860 Imager (Amersham Biosciences, Pittsburgh, PA). Densitometry was performed with ImageQuant software. Expression was calculated in arbitrary units and was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
For immunocytochemistry, polarized RPE cell monolayers were permeabilized in ice-cold methanol (20 min at Ϫ20°C) and blocked in DakoCytomation protein block (Dako, Carpinteria, CA). Cells were treated with primary antibody for 30 min and with secondary antibody, in the dark, for 30 min. Antibodies were prepared in 0.05 M Tris-HCl-1% bovine serum albumin-50 mM NaN 3 . Cells were also treated with 100 nM 4Ј,6Ј-diamidino-2-phenylindole (DAPI) in the dark for 3 to 5 min. Coverslips were mounted with fluorescent mounting medium (Dako) and viewed by confocal microscopy (FV 500; Olympus, San Jose, CA).
The antibodies used for immunoblotting and immunocytochemistry included mouse anti-human Na Analysis of monolayer permeability. (i) TER assay. Polarized RPE cell monolayers on Transwells transferred to 12-well plates and 2 to 3 ml of cell culture medium were added to the basolateral chamber. Cell culture medium or 10 2 CFU/ml B. cereus was added to the apical chamber. The TER across polarized RPE cell monolayers grown was measured with a Millicell-ERS (Millipore, Billerica, MA). Values are expressed as the mean resistance (ohms) per square centimeter Ϯ SEM of six or more samples per time point.
(ii) Dextran transmigration assay. Permeability of polarized monolayers was evaluated by analyzing the diffusion of dextran-fluorophore conjugates through polarized RPE cell monolayers grown on Transwells. A 1-mg/ml concentration of each dextran conjugate was incubated with the apical surface. The concentration of dextran-fluorophores that diffused into the basolateral chamber was quantified by fluorescence spectrophotometry and extrapolated from a standard curve of known concentrations. The fluorophores used included fluorescein isothiocyanate-70-kDa dextran, the size of the blood protein albumin, and tetramethyl rhodamine isocyanate-4-kDa dextran conjugates to examine permeability to smaller blood proteins (Sigma 2 CFU/ml B. cereus. At specified times postinfection, cytokine and chemokine mRNA expression was determined by real-time reverse transcription (RT)-PCR. Total RNA was isolated from both adherent and nonadherent cells in accordance with the manufacturer's instructions (Ultraspec RNA Isolation System; BIOTECX, Houston, TX). Following DNase treatment, total RNA was reverse transcribed to produce cDNA by using Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Invitrogen, Carlsbad, CA). All primers were designed to span an intron to control for genomic contamination. Primer efficiencies were verified by performing realtime RT-PCR on a standard curve created with cDNA produced from quantitative PCR total reference RNA (Stratagene, La Jolla, CA). All primers were designed with Ensembl and Primer3. The sequences of the primer sets used are shown in Table 1 . The 2 Ϫ⌬⌬CT standard curve method was used to evaluate the relative expression level of targets between treated and untreated RPE cells (36) . Real-time PCR was performed (Prism 7000 System; ABI, Foster City, CA) according to the manufacturer's instructions. Briefly, the thermal cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The cycle threshold (C T ) was set for each target gene, where all amplicons were in the exponential phase of amplification. All PCR products were run on a 0.8% agarose in 0.5% TBE gel to verify the single target amplicon and ensure the absence of genomic contamination. Data were analyzed by the relative standard curve method. All target C T values reported by the ABI Prism 7000 software were normalized to the endogenous control, ␤-actin (target mean input/endogenous control mean input ϭ target N ). The resulting C T value was then normalized to the untreated ARPE-19 control (target N /control N ϭ relative fold difference in target expression). A greater-than-twofold increase in mRNA expression was considered significant.
For cytokine protein quantification, levels of proinflammatory cytokines and chemokines in cell culture supernatants were quantified with commercial enzyme-linked immunosorbent assay (ELISA) kits (Quantikine; R&D Systems, Minneapolis, MN) in accordance with the manufacturer's instructions. The cytokine and chemokine concentrations were interpolated from standard curves. Values are expressed as the mean Ϯ SEM for six or more analyses per time point.
Statistics. If not stated otherwise, results were the arithmetic means Ϯ SEM of all of the samples in the same experimental group. A two-tailed Student t test was used to determine the statistical significance of the data. Statistical significance was determined at P Ͻ 0.05.
RESULTS
Bacillus growth in cell culture medium on ARPE-19 cell monolayers. To evaluate the contribution of plcR-regulated toxin production to RPE function, it was necessary to determine if the wild-type (strain 14579) and plcR-deficient (BCplcR::Kan r ) B. cereus strains grew similarly in cell culture medium on RPE cell monolayers. RPE cell monolayer formation was confirmed by DAPI staining and confocal z-stack imaging, as well as immunocytochemistry for intact tight junction proteins (data not shown). At all time points, 10 2 -CFU/ml inocula of wild-type B. cereus or the plcR-deficient mutant grew to similar concentrations (P Ն 0.09) (Fig. 1) . All of the other inocula tested resulted in concentrations of greater than 1.0 ϫ 10 7 CFU/ml at 8 h postinfection. The growth of wild-type Bacillus and that of the plcR-deficient mutant were also similar (P Ն 0.99) in BHI and RPE cell culture media. These results are consistent with previously reported studies of similar wild-type and plcR-deficient B. cereus growth rates in rabbit eyes and BHI medium (15 ) . The growth of B. subtilis also reached 2 ϫ 10 7 CFU/ml by 8 h, similar to the growth of B. cereus. Bacillus-induced RPE cytotoxicity. Infection with B. cereus resulted in rounding of cell bodies and loss of adherence. Cell death occurred in a time-and dose-dependent manner, with wild-type B. cereus causing cytotoxicity more rapidly than the plcR-deficient mutant. One hundred percent of the RPE cells infected with 10 4 or 10 5 CFU/ml wild-type B. cereus were nonviable by 4 h, while infection with 10 3 or 10 2 CFU/ml wild-type B. cereus killed 100% of the RPE cells by 6 and 8 h, respectively. The loss of plcR-regulated toxin production resulted in a slower rate of RPE cell death. However, there was a complete loss of cell viability, regardless of the infecting strain, by 8 h with the 10 2 -CFU/ml inoculations or by 6 h with higher inocula (Fig. 2A) . Upon infection of RPE cell monolayers with either strain of B. cereus, LDH release occurred in a dose-dependent but strain-independent manner. Loss of membrane integrity occurred at a slower rate upon infection with the plcR-deficient B. cereus strain. However, by 8 h postinfection there was no significant difference in LDH release upon infection with either strain (Fig. 2B) . Overall, B. cereus infection appeared to result in significant RPE cytotoxicity that was independent of quorum-sensing-dependent plcR-regulated toxin production.
To determine if B. cereus-induced cell death occurred by necrosis or apoptosis, we analyzed cell populations by flow cytometry. The dot plots demonstrated a shift of cell populations to the right two quadrants with time, indicating increased PI binding. The dot plots are depicted graphically in Fig. 3 . There was an overall decrease in the number of viable cells (annexin V Lo , PI Lo ) over the course of infection with either strain, with less than 10% viability by 8 h (Fig. 3B , bottom left quadrant), consistent with trypan blue staining ( Fig. 2A) 2 CFU/ml BCWT (f) or BCplcR::Kan r (छ) at the apical surface. Bacterial concentrations were quantified at 0, 2, 4, 6, and 8 h postinfection, and the two strains grew at similar rates (mean Ϯ standard deviation; six per group). (Fig. 3B, right quadrants) . By 8 h postinfection, the total necrotic cell population increased to 86 or 89% after exposure to wild-type or plcR-deficient B. cereus, respectively. There was a slight increase in the apoptotic cell population (annexin V Hi , PI Lo ) from 2% in control cells to 4% in infected cells (Fig. 3B, top left quadrant) . These results suggest that infection of RPE cell monolayers with B. cereus resulted primarily in plcR-regulated toxin-independent necrotic cell death.
Polarized RPE cell monolayers mimic the in vivo BRB. To analyze mechanistic changes in the outer BRB in response to infection, we designed an in vitro system that mimicked the in vivo barrier in structure and function. For RPE cells to have a barrier function in the eye, they must be polarized and have intact, functional tight junctions which are impermeable to blood constituents. We analyzed the expression and localization of the Na ϩ /K ϩ -ATPase at the apical surface of polarized RPE cells (6, 24, 43) and found significant apical expression. Cells grew in confluent monolayers with little or no cell overlap, and confocal z-stack imaging illustrated the apical localization of the Na ϩ /K ϩ -ATPase ( Fig. 4B and C) . Polarized RPE cell monolayers also expressed both ZO-1 and occludin at the cell periphery ( Fig. 4D and E) .
To analyze barrier functionality, TER and dextran-fluorophore transmigration were assessed. TER across the monolayers increased over time and was maintained from 15 (92.47% Ϯ 13.15%) through 21 days (92.33% Ϯ 0.07%) (Fig.  4F) . Monolayers exhibited decreased permeability to both 4-kDa and 70-kDa dextran-fluorophore conjugates by 15 days (Fig. 4F) . This in vitro model of polarized RPE cell monolayers appeared to be similar, both structurally and functionally, to the in vivo outer BRB.
B. cereus-induced RPE cell monolayer permeability. We next examined the ability of B. cereus growth and plcR-regulated toxins to perturb the barrier function of polarized RPE cell monolayers. Infection with either strain of B. cereus resulted in a rapid decline in TER, indicating permeability of the monolayer. At 4 h, wild-type B. cereus induced loss of monolayer TER more rapidly than did the plcR-deficient mutant. By 6 h postinfection, 0% of the original TER was retained, regardless of the infecting strain (Fig. 5A) . Untreated monolayers retained 100% resistance over the time course. These results suggested that loss of TER, but not the rate of loss, occurred independently of plcR-regulated toxins. B. subtilis-treated monolayers also retained resistance over time, indicating that the loss of resistance upon infection with B. cereus was not merely the result of dense growth of bacteria.
Permeability was also quantified with dextran-fluorophore conjugates. The rate of permeability to the 4-kDa (P ϭ 0.001) and 70-kDa (P ϭ 0.00009) dextrans was different at 6 h postinfection, with the wild-type Bacillus causing permeability more rapidly than the plcR-deficient mutant. By 8 h postinfection, there were 17.09-fold and 17.57-fold increases in permeability to 4-kDa dextrans in cells infected with wild-type B. cereus and the plcR-deficient mutant, respectively (P Ͻ 0.05) (Fig. 5B) . Additionally, the permeability of monolayers to 70-kDa dextrans increased 25.15-fold and 25.02-fold after 8 h of infection with wild-type B. cereus and the plcR-deficient mutant, respectively (Fig. 5C ). Mock-treated monolayers were not permeable to dextran conjugates over the course of infection. Cells treated with 0.1 M H 2 O 2 were 21.04-fold more permeable to 4-kDa dextrans and 30.24-fold more permeable to 70-kDa dextrans by 8 h postinfection (Fig. 5C ). These data suggested that B. cereus-induced permeability of polarized RPE cell monolayers inhibited normal barrier function, regardless of the infecting strain.
Tight junction expression and localization during B. cereus infection. Our data indicated that Bacillus-induced changes in polarized RPE cell monolayers resulted in barrier permeability. We therefore tested whether permeability was due to changes in intercellular tight junction proteins ZO-1 and occludin. ZO-1 appeared to dissociate from the cell periphery, and its expression decreased from 2 to 6 h postinfection. By 8 h postinfection, no ZO-1 signal was detectable (Fig. 6A) . Overall, occludin expression in the polarized RPE cell monolayers was less robust than that of ZO-1, likely due to the heterogeneity that is common in in vitro epithelial cell lines (52) . After B. cereus infection, the occludin signal was decreased as early as 2 h postinfection. By 4 h postinfection, the occludin signal was almost undetectable by immunocytochemistry (Fig. 6B) . By 8 h postinfection, there were no adhered cells visible and occludin and ZO-1 signals were not detectable (data not shown).
Expression of ZO-1 and occludin was also examined by immunoblotting. ZO-1 expression was decreased at 6 h postinfection, with no detectable expression by 8 h postinfection (Fig.  7A) . Similarly, by 6 h postinfection there was no detectable occludin expression (Fig. 7B) , consistent with the tight junction perturbation seen in Fig. 6 . Changes in the tight junctions of RPE cells may have been a result of B. cereus specifically targeting the tight junctions or an indirect result of cytotoxicity.
To differentiate between these two possibilities, subsequent immunoblots were analyzed by densitometry to quantify the changes in tight junction proteins. First, the cytotoxicity in polarized RPE cell monolayers was measured and complete cell death occurred by 8 h (Fig. 8A) . In This suggested that changes in ZO-1 and occludin did not occur merely as a result of cytotoxicity (Fig. 8B) . Proinflammatory cytokine expression during Bacillus infection. Because RPE cells have previously been shown to demonstrate immunological activity, we analyzed whether RPE cells could play a role in actively recruiting PMN into the vitreous during infection. To determine if the RPE cells produced proinflammatory cytokines, we evaluated cytokine and chemokine production by real-time RT-PCR and ELISA (Fig.  9) . By 6 h postinfection, RPE cells infected with wild-type Bacillus exhibited an increase in the transcription of IL-6 mRNA (9.01-fold) and IL-1␣ mRNA (7.84-fold) (Fig. 9A) . Both IL-1␣ and IL-6 mRNA levels decreased at 8 h postinfection (less than twofold), correlating with cell death by 8 h postinfection (Fig. 2D) . However, there was no significant increase in IL-6 or IL-1␣ mRNA expression from cells infected with the plcR-deficient Bacillus mutant. There was no expression of MIP-1␣ or tumor necrosis factor alpha (TNF-␣) mRNA during infection with either B. cereus strain. ELISA analysis demonstrated that RPE cells infected with wild-type Bacillus produced 23.63 Ϯ 2.85 pg/ml IL-6 protein by 8 h postinfection, confirming the real-time PCR results (Fig. 9B) . However, no IL-6 was produced by RPE cells infected with the plcR-deficient mutant. There was no expression of proinflammatory cytokine protein MIP-1␣, TNF-␣, IL-1␣, IL-1␤, or IL-8 during infection with either Bacillus strain. Taken together, these results show that RPE cells can produce IL-6 but may not produce most of the proinflammatory cytokines produced during B. cereus endophthalmitis.
DISCUSSION
Inflammation during experimental B. cereus endophthalmitis may be detrimental to visual function. Normally, the eye is an immunologically privileged environment as a result of a multitude of factors, including the avascular nature of the aqueous humor and vitreous, the presence of blood ocular barriers, the lack of lymphatic drainage pathways (except the uveoscleral drainage pathway), the deficiency of antigen-presenting cells, and immunosuppressive substances in the aqueous humor (20, 29, 58, (60) (61) (62) (63) . This allows the eye to preserve the clarity of the visual axis. RPE cells are the primary barrier cells of the outer BRB and have a paradoxical function in both managing the blood supply from the fenestrated capillaries of the choroid to the photoreceptors and protecting the neural retina from infiltration of blood constituents. RPE cells contain intercellular tight junctions which form a diffusion barrier. To sustain the relative impermeability of the barrier, tight junction proteins and cytoskeletal proteins must associate at the lateral surface of each cell. ZO-1 and occludin are two tight junction proteins that are structurally and functionally essential for BRB formation and maintenance.
Breakdown of this barrier is associated with almost every retinal disease (17, 37) , and infection has specifically been identified as a cause of barrier disruption (18, 45) . In human cases of endophthalmitis, significant localization of serum albumin in the BRB has been reported (64) . However, neither the extent of barrier breakdown nor its contribution to vision loss during endophthalmitis has been examined in great detail. Therefore, we hypothesized that the invasive and aggressive CFU/ml at the apical surface, and permeability was analyzed by TER measurement (A) (mean Ϯ SEM; six per group) and dextran transmigration assay (B and C) (mean Ϯ SEM; six per group). In the latter, 4-kDa (B) and 70-kDa (C) dextran-fluorophore conjugates were added to the apical chamber and recovered from the basolateral chamber at the indicated time points. Loss of TER and increased permeability to dextran conjugates indicated permeability of the RPE cell monolayer during B. cereus infection.
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on February 21, 2013 by PENN STATE UNIV http://iai.asm.org/ nature of B. cereus and its toxins may damage and compromise the BRB during infection, allowing PMN into the posterior segment. In this study, we investigated the effects of B. cereus growth and toxin production on RPE cell viability and analyzed the changes in BRB permeability, tight junction structure and function, and inflammatory cytokine production during Bacillus infection. In this study, RPE cell viability was significantly reduced 2 CFU/ml wild-type B. cereus and harvested for analysis of cytotoxicity by LDH release assay (black box) and trypan blue exclusion assay (white box) (A). After infection, cell monolayers were also harvested for analysis by immunoblotting. Membranes were probed with antibodies for ZO-1 (F) and occludin (E). Densitometry measurements are expressed in arbitrary units and normalized to GAPDH expression (mean Ϯ SEM; six per group) (B). Units represent the expression of tight junction proteins in viable cells only. Decreased tight junction protein expression occurred in viable cells and correlated with an overall loss of cell viability.
upon infection with any inoculum; however, 10 2 CFU/ml Bacillus was selected for subsequent studies because this inoculum produced a course of infection that was optimal for analysis of cellular changes preceding loss of cell viability. Furthermore, 10 2 CFU has been used as the starting inoculum in previous murine and rabbit models of experimental B. cereus endophthalmitis (9, 49) . We analyzed the growth of both Bacillus strains in RPE cell culture medium on RPE cell monolayers and found that both strains grew similarly throughout infection. To ensure that wild-type Bacillus produced plcRregulated toxins in RPE cell culture medium, we analyzed the production of hemolysins. During late logarithmic growth, hemolysis was slightly, but not significantly, reduced in RPE cell culture medium (data not shown). These results indicate that the similar phenotypes of the wild-type and plcR-deficient Bacillus strains grown in each type of medium were not due to a failure of Bacillus to produce toxins in RPE cell culture medium.
Bacillus infection caused rapid and complete loss of cell RPE cell viability via necrosis. This is consistent with previous studies demonstrating that B. cereus caused loss of cell membrane integrity and viability of other in vitro cells, including retinal Muller cells and corneal keratocytes (10) . B. cereus has also been shown to induce cytotoxicity in HeLa cells (50) and necrosis of human Caco-2 enterocytes (39). In these Caco-2 enterocytes, the loss of F-actin after infection with B. cereus was consistent with epithelial cell necrosis (39) . Likewise, unpublished studies in our laboratory indicated that Bacillus induced degradation of F-actin and condensation of tubulin around the nucleus. This corroborates our finding that almost all RPE cells undergo necrotic death upon B. cereus infection.
Bacillus virulence has been attributed to the production of quorum-sensing-dependent plcR-regulated extracellular toxin production. However, this study demonstrated that loss of cell membrane integrity and necrosis occurred independently of plcR-regulated toxins. This suggests that a factor or group of factors are produced independently of plcR control that may be responsible for this cytotoxic activity. One study suggests that flagellin and InhA2 expression is decreased, but not abolished, in a plcR mutant strain of Bacillus (28) . The ResDE-dependent regulation of enterotoxins may also function partially independently of plcR (26) . There may also be novel proteases not under the control of plcR that are responsible for RPE cell in vitro barrier breakdown (28) . Proteases are produced by the plcR-deficient Bacillus mutant during logarithmic growth in BHI medium (15) and in RPE cell culture medium (data not shown). In both types of medium, the plcR-deficient strain has less protease activity than the wild-type Bacillus strain. However, future studies will involve analyzing whether proteases, or other toxins, not under plcR regulation are responsible for BRB changes during infection.
Taken together, these results demonstrated the deleterious effects of Bacillus growth and toxin production on RPE cells. However, to further examine the functional changes that occur in the BRB during infection, it was imperative to develop an in vitro BRB system that structurally and functionally mimicked the in vivo system. Polarization was induced by developing a synthetic matrix for adherence of the basolateral RPE cell surface (33) and optimizing cell culture medium components. Polarization was verified by identifying expression and localization of the Na ϩ /K ϩ -ATPase, a primarily apical surface protein (25, 51, 57 ) that regulates tight junction formation and function during development (65) . Tight junction proteins must also be expressed and localized to the cell periphery to maintain barrier function. The Na ϩ /K ϩ -ATPase, ZO-1, and occludin were properly localized to the apical surface in our system. Functional tests for polarity also indicated increased TER and decreased permeability to dextran conjugates by 15 days. These factors together indicated that our in vitro BRB mimicked the in vivo system and was sufficient for analysis of barrier changes.
Permeability of polarized RPE cell monolayers occurred as a result of Bacillus infection. Permeability of monolayers to dextran conjugates (3, 4, 47) and TER measurements (1, 33)   FIG. 9 . B. cereus infection induces production of IL-6 by RPE cells. RPE cell monolayers were harvested, and total RNA was isolated for production of cDNA with reverse transcriptase. cDNA was amplified by real-time RT-PCR with primers for IL-6, IL-1␣, TNF-␣, and MIP-1␣ (A) (mean Ϯ standard deviation; three per group). Only transcripts for IL-6 and IL-1␣ were detected. RPE cell monolayers were also harvested for analysis of proinflammatory cytokine production by ELISA. IL-6, IL-1␣, TNF-␣, MIP-1␣, IL-1␤, and IL-8 were measured by ELISA, but only IL-6 protein was detected (B) (mean Ϯ SEM; six or more per group). The present study suggested that breakdown of RPE cell tight junctions occurred during Bacillus infection. Tight junctions form a permeability barrier that defines cell polarity and regulates transepithelial transport. Changes in tight junctions that occur during ocular disease are poorly understood, but these events have been characterized in enterocytes. Some pathogens disrupt tight junctions and alter the intestinal epithelial barrier by secreting toxins. Pseudomonas produces an elastase and an alkaline protease that damage tight junctions (59) . Vibrio cholerae hemagglutinin/protease also perturbs the barrier function of the epithelium by disrupting tight junctions and F-actin (66) . Metalloproteases produced by Bacteroides fragilis disrupt tight junctions, causing dissociation of occludin and ZO-1 from the tight junction, as well as a reduced TER (55) . Clostridium difficile exotoxins disaggregate actin, which leads to epithelial cell destruction and loss of tight junctions (45) . Proteases have also been shown to break down tight junctions in diseases caused by nonpathogenic organisms (35) . The present study demonstrated loss of occludin and ZO-1 upon B. cereus infection of RPE cells, suggesting that Bacillus produced a toxin, or other enzyme, that contributed to tight junction breakdown by similar proteolytic mechanisms.
It was possible that the loss of tight junctions was not specific but a result of RPE cell death during infection. To determine whether tight junction alterations occurred as a result of cell death or prior to cell death, we analyzed the expression of tight junctions in viable cells alone throughout the infection course. This was done by normalizing tight junction protein expression to that of GAPDH, which is expressed by viable cells. Expression of occludin and ZO-1 decreased in viable cells that had not yet lost membrane integrity, indicating that tight junctions were altered in live cells and not as a result of cell death. It is possible that changes in epithelial tight junctions leads to rapid cell death, resulting in barrier compromise. Although we ultimately see total cell death, this early change in tight junction proteins may be important to the mechanism of barrier disruption.
The immunological response in the eye is quite unique, and RPE cells may have a dynamic role in innate and adaptive ocular immunity. We investigated the possibility that RPE cells produce proinflammatory cytokines and chemokines during infection. However, we only detected IL-6 protein after B. cereus infection. RPE cells may produce IL-6 during endophthalmitis to stimulate a local immune response, including recruitment of neutrophils to the barrier in an attempt to clear the infection. However, these data must be confirmed in vivo.
Overall, our results demonstrate the deleterious effect of Bacillus growth and toxin production on RPE cells. Permeability of the in vitro BRB occurred independently of plcR-regulated toxin production, followed by loss of ZO-1 and occludin, and subsequent tight junction breakdown. Our findings also suggest that the RPE may play a partial role in modulating the immune response by production of IL-6 during infection. Future studies will involve identifying the B. cereus factor, or group of factors, that induces BRB barrier permeability during infection. Once putative virulence factors are identified, these will be analyzed in the murine model of endophthalmitis to identify potential mechanisms of barrier breakdown. These virulence factors may prove to be ideal targets for therapeutics that prevent barrier disruption, helping to preserve the vision of patients with B. cereus endophthalmitis.
